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PERIOD Protein by Protein Phosphatase 2A
tim (Yang and Sehgal, 2001). Accumulating evidence in
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Department of Neuroscience that do not depend upon the cycling of some core clock
mRNAs (Preitner et al., 2002).2 Cellular and Molecular Biology program
University of Pennsylvania School of Medicine The mechanisms that drive protein cycling in the ab-
sence of rhythmic transcription are not clear. PER andPhiladelphia, Pennsylvania 19104
TIM proteins are subject to a variety of posttranslational
modifications such as phosphorylation (Edery et al.,
1994; Zeng et al., 1996). The phosphorylation status ofSummary
PER and TIM affects protein stability and may thereby
confer oscillations at the protein level (see below). PERThe posttranscriptional mechanisms that control the
cycling of circadian clock protein levels are not known. is phosphorylated and destabilized in the cytoplasm and
in the nucleus by doubletime (DBT), a casein kinase IHere we demonstrate a role for protein phosphatase
2A (PP2A) in the cyclic expression of the PER protein. (CKI) homolog (Bao et al., 2001; Kloss et al., 1998;
Price et al., 1998). In addition, PER is phosphorylatedPP2A regulatory subunits TWS and WDB target PER
and stabilize it in S2 cells. In adult fly heads, expression by casein kinase 2 (CK2) (Akten et al., 2003; Lin et al.,
2002). The E3 ligase SLIMB specifically recruits hyper-of tws cycles robustly under control of the circadian
clock. Hypomorphic tws mutants show delayed accu- phosphorylated PER and targets it for degradation by
the ubiquitin-proteasome pathway (Grima et al., 2002;mulation of PER, while overexpression of tws in clock
neurons produces shorter, weaker rhythms. Reduc- Ko et al., 2002). PER cycling may also depend upon its
interaction partner TIM, which stabilizes PER by inhib-tion of PP2A activity reduces PER expression in central
clock neurons and results in long periods and arrhyth- iting DBT-mediated phosphorylation (Kloss et al., 1998).
TIM is phosphorylated by glycogen synthase kinase 3mia. In addition, overexpression of the PP2A catalytic
subunit results in loss of behavioral rhythms and con- (GSK3 or shaggy) (Martinek et al., 2001), and hyperphos-
phorylated TIM is targeted for degradation presumablystitutive nuclear expression of PER. PP2A also affects
PER phosphorylation in vitro and in vivo. We propose by SLIMB (Grima et al., 2002). Thus, phosphorylation
and destabilization have emerged as a common themethat the posttranslational mechanisms that drive cy-
cling of PER require the rhythmic expression of PP2A. for PER-TIM protein regulation. However, where exam-
ined, levels of the kinases do not oscillate (Akten et al.,
2003; Kloss et al., 2001; Lin et al., 2002). The subcellularIntroduction
localization of DBT varies over the course of the day
(Kloss et al., 2001), but this appears to be driven by itsCircadian locomotor rhythms in Drosophila are regu-
lated by a clock located in the central brain (Stanewsky, association with PER and is not known to constitute a
regulatory mechanism. Activity of the kinases may cycle,2002). The clock itself consists of at least two autoregu-
latory feedback loops generated by a number of core perhaps in a cell-specific manner. Alternatively, rhyth-
mic phosphorylation of clock proteins may require theclock molecules (Allada, 2003; Glossop and Hardin,
2002). In the major loop, the transcriptional activators activity of a cycling phosphatase.
Since there are striking similarities between the WntCLOCK (CLK) and CYCLE (CYC) bind a CACGTG E box
in the promoters of period (per) and timeless (tim) and signaling pathway and circadian clock mechanisms (see
Discussion), we examined the Wnt signaling pathwayactivate transcription (Glossop and Hardin, 2002). PER
and TIM proteins accumulate in the cytoplasm, translo- for candidate phosphatases. The serine-theonine phos-
phatase, protein phosphatase 2A (PP2A), modulatescate to the nucleus, and inhibit their own transcription
by binding to CLK and CYC. Timely degradation of PER Wnt signaling by regulating -catenin abundance (Li et
and TIM relieves the repression and maintains a 24 hr al., 2001; Ratcliffe et al., 2000; Seeling et al., 1999). PP2A
rhythm in RNA and protein levels of per and tim. is an abundant heterotrimeric enzyme composed of a
E box-mediated transcriptional regulation of per ex- highly conserved catalytic subunit (C), a variable regula-
pression is a well-conserved mechanism between flies tory subunit (B), and a structural subunit (A). The A sub-
and mammals. However, behavioral rhythms can be re- unit forms a structural scaffold on which the B and C
stored in per01 (per null) flies by constitutively expressing subunits assemble (Groves et al., 1999). Diverse func-
per (Frisch et al., 1994; Vosshall and Young, 1995; Yang tions of PP2A are mediated largely by the regulatory B
and Sehgal, 2001). Under these conditions, oscillations subunit that directs the phosphatase to distinct sub-
in PER protein levels as well as rhythmic nuclear accu- strates and intracellular locations (Janssens and Goris,
mulation persist (Frisch et al., 1994; Vosshall and Young, 2001; Virshup, 2000). In this study, we investigated a
1995; Yang and Sehgal, 2001). Moreover, behavioral and role for PP2A in regulating circadian rhythms. We show
molecular rhythms are restored in per01; tim01 double that PP2A directly dephosphorylates PER and controls
mutant flies by constitutively expressing both per and it stability. The relevant regulatory subunits are twins
(tws)/PR55 and widerborst (wdb)/B56-2, both of which
are expressed in a circadian fashion.*Correspondence: amita@mail.med.upenn.edu
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Figure 1. PP2A Regulates PER Stability in
S2 Cells
(A) The phosphatase inhibitor Calyculin A de-
stabilizes PER in S2 cells. The Western blots
show levels of PER and -GAL in cells trans-
fected with pAct-per alone, or along with
pAct-tim (indicated in parentheses), and
-gal-V5 expression vectors. The cells were
treated with medium containing 30 nM Caly-
culin A () or with vehicle control (). Cell
lysates were separated on an 8% SDS-PAGE
gel and membranes were probed sequentially
with anti-PER and anti-V5 (-Gal) antibodies.
PER levels were quantified from three experi-
ments and plotted (Figure S1).
(B) Calyculin A-mediated destabilization of
the PER-TIM complex can be reversed by the
proteasome inhibitor MG132. S2 cells were
transfected with pAct-per or pAct-tim or both
expression vectors and treated with 30 nM
Calyculin A alone or along with 100 M
MG132 or vehicle control for 60 min. Cell ly-
sates were run on 6% SDS-PAGE gels and
probed with anti-PER and anti-TIM antibod-
ies. Note that the 6% gel resolves hypo- and
hyperphosphorylated forms of PER and it is
the hyperphosphorylated (low mobility) form
that is increased in the presence of Calyculin
A. A nonspecific band (NS) that appeared
while probing with the anti-TIM antibody is
shown as a loading control. The blots shown
are representative of two independent exper-
iments.
(C) RNAi-mediated knockdown of regulatory
subunits of PP2A, WDB, and TWS affects PER levels in S2 cells. S2 cells were transfected with per and tim expression vectors along with
double-stranded RNA (dsRNA) against the indicated proteins. The extent of knockdown of MTS, TWS, and WDB was estimated using antibodies
against each of these three proteins. The specificity of the knockdown was confirmed by probing for the heat shock protein, Hsp-70. The
blots shown here are representative of three experiments.
(D) Overexpression of wdb and tws in S2 cells increases PER levels. A pAc-tws-V5 or pAc-wdb-V5 expression vector (200 ng) or vector control
was cotransfected into S2 cells with 300 ng of pAct-per alone or along with pAct-tim as indicated. Protein lysates were subjected to Western
blot analysis and PER and TIM bands were visualized. Equal protein loading was ensured by probing with an anti-MAP kinase (MAPK) antibody.
Similar results were obtained in three independent experiments with TWS-P1 and also with TWS-P2 (see Figure 2A).
Results coexpressed with PER (Figure 1B, compare lane 5 with
lane 8).
The proteasome is involved in the degradation of PERPP2A Stabilizes the PER-TIM Complex in S2 Cells
To determine whether phosphatases affect PER-TIM and TIM (Grima et al., 2002; Ko et al., 2002; Naidoo et
al., 1999). To determine whether the decrease in PERstability, we examined the effects of a cell-permeable
phosphatase inhibitor, calyculin A (Cal A), on PER-TIM and TIM levels was due to degradation, we added the
proteasome inhibitor MG132 along with Cal A. MG132expression in Drosophila Schneider (S2) cells. per alone,
tim alone, or per and tim along with -gal-V5 expression abolishes the Cal A-dependent decrease in PER and
TIM levels (Figure 1B).constructs were cotransfected into S2 cells. The cells
were incubated for the times indicated in a medium In addition to inhibiting PP2A, Calyculin A also inhibits
PP1. To specifically inhibit PP2A and to identify thecontaining Cal A (30 nM) or vehicle control (Figure 1A).
In the absence of Cal A, PER alone was fairly stable regulatory subunit involved in stabilizing PER-TIM, we
utilized an RNAi-based method. RNAi against PP2A sub-(Figure 1A, top panel). However, in the presence of Cal
A, PER was rendered unstable within 30 min, and by units was successfully employed by Li et al. (2002) and
by Silverstein et al. (2002) to study apoptosis. We trans-90 min its levels were decreased by 85% (Figure 1A,
second panel and Supplemental Figure S1 at http:// fected S2 cells with per and tim expression constructs
along with dsRNA against various PP2A subunits. Addi-www.cell.com/cgi/content/full/116/4/603/DC1). TIM
stabilizes PER in S2 cells (Ko et al., 2002); thus in the tion of dsRNA against the catalytic subunit, mutagenic
star (mts) (Snaith et al., 1996), reduced PER levels, sup-presence of TIM, PER levels were unchanged until 60
min after Cal A treatment (Figure 1A, third panel, Figure porting the idea that PER is normally stabilized by PP2A
(Figure 1C). The addition of dsRNA against green fluo-S1 on Cell website, and Figure 1B, lanes 1 and 7). Under
all these conditions, there was no change in the levels rescent protein (gfp) had no effect, demonstrating the
specificity of the effect produced by the mts dsRNA.of -GAL (Figure 1A, fourth panel), indicating the speci-
ficity of Cal A for PER. Cal A also affected levels of TIM Reducing the levels of DBT had moderate effects on
PER most likely due to the stabilization of PER by TIM(Figure 1B, lanes 4 and 5), but more so when it was
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against DBT-dependent proteolysis (Ko et al., 2002). The sion is controlled by the circadian clock. The levels of P1
are also lower in cyc0 flies than in wild-type (Figure 2C).destabilizing effect of mts RNAi on PER could not be
complemented by inhibiting DBT, suggesting that there Next, we examined the expression profile of wdb
mRNA at different times of the day and found that itare other kinases that contribute to the instability of the
PER-TIM complex. also cycles in wild-type flies, but not in the cyco mutants
(Figures 2B and 2C). However, the amplitude of the wdbThe substrate specificity of PP2A is determined by its
regulatory subunit (Janssens and Goris, 2001). Thus, mRNA cycling is less than that of tws (2-fold as com-
pared to 5-fold for tws).we next determined the role of each of the regulatory
subunits of PP2A on PER and TIM expression. In Dro-
sophila, there are four genes encoding PP2A regulatory Overexpression of WDB Affects PER Expression
B subunits—a B/PR55 regulatory subunit is encoded by and Behavioral Rhythms
the twins (tws) gene, B/B56 regulatory subunits are The Drosophila stock, EP3559, contains an upstream
encoded by two genes, B56-1 and widerborst (wdb)/ activating sequence (UAS) within the first exon of the
B56-2 (Hannus et al., 2002), and a B″/PR72 subunit is wdb gene (Hannus et al., 2002). In order to drive overex-
encoded by a single gene, CG4733. PER levels were pression of wdb in clock cells, we introduced into this
unchanged in the presence of dsRNA against B56-1 and stock a Gal4 gene driven by the tim promoter. The GAL4-
PR-72. In contrast, dsRNA against wdb and PR55/tws UAS system has been successfully used to overexpress
produced a significant reduction in PER levels (Figure genes in clock cells (Blau and Young, 1999; Martinek et
1C). Although there was a reduction in TIM levels, it was al., 2001; Yang and Sehgal, 2001). wdb mRNA is overex-
not as pronounced as that of PER, indicating that PER pressed in flies that carry the EP3559 UAS transgene
is the major target of PP2A. as well as the Gal4 driver, but not in flies carrying the
We also examined levels of MTS, WDB, and TWS in UAS sequence in the opposite orientation (Figure 3A).
the S2 cells to verify that they were knocked down by Flies carrying one copy of the UAS transgene with
the RNAi treatment. dsRNA against mts produced a the tim-GAL4 driver showed a 0.7 hr longer period as
reduction not only in levels of MTS, but also of TWS and compared to their controls (Supplemental Table S1 on
WDB (Figure 1C). However, an unrelated protein, Hsp70, Cell website). The UAS in the opposite orientation did not
was unaffected. This supports previous reports indicat- yield a phenotype, suggesting that wdb overexpression
ing that the PP2A regulatory subunits are only stable in was responsible for the increased period length. Further
S2 cells when they are part of the holoenzyme (Li et al., increasing wdb levels, either by elevating the tempera-
2002; Silverstein et al., 2002). dsRNA against tws and ture to 29C (this increases Gal4 expression) or by intro-
wdb only affected the respective subunits, as expected. ducing two copies of the UAS transgene, lengthened
The most effective RNAi-mediated knockdown was ob- the period by 1.5–2 hr (data not shown, Figure 3B, Table
tained for WDB. This is most likely why this treatment S1 online).
had the strongest effect on PER levels (Figure 1C, lanes The dose-dependent period lengthening in wdb-over-
6 and 7). expressing flies is presumably due to increased PER
To determine if overexpression of the regulatory sub- stability. Similar period lengthening is observed in the
units could stabilize PER, we transfected S2 cells with DBT mutant, dbtL (Kloss et al., 1998; Price et al., 1998).
expression vectors encoding epitope tagged WDB or Since both DBT and WDB target PER, we investigated
TWS along with per alone or in combination with tim. a possible genetic interaction between these two mu-
Under both conditions, cotransfection of wdb or tws tants. One copy of the EP3559 UAS insertion in a dbtL
increased PER levels, consistent with the idea that PER background lengthened the period from 24.7 to 26 hr,
is stabilized by PP2A in S2 cells (Figure 1D). The effect which is twice the increase in period effected by WDB
on TIM, either transfected alone (data not shown) or in overexpression in a wild-type background (Table S1 on
combination with PER, was negligible. Taken together, Cell website). An even greater effect was seen with the
these data show that WDB and TWS are the candidate dbtG allele where the period increased from 27.6 hr peri-
regulatory subunits of PP2A that target PER. odicity to 30.3 hr. However, only a multiplicative re-
sponse, typically seen in flies with mutations in two clock
genes (Rothenfluh et al., 2000), was observed whenLevels of wdb and twins mRNA Cycle under
Control of the Circadian Clock EP3559 was expressed in a dbtS (a period shortening
allele of dbt) background (Table S1 online). We concludeWe examined the expression profiles of wdb and tws
over the course of a day:night cycle. The tws gene en- that overexpression of the phosphatase regulatory sub-
unit and the decrease of kinase activity have synergisticcodes multiple transcripts that produce two proteins
(Mayer-Jaekel et al., 1993; Uemura et al., 1993). The 456 effects on the Drosophila clock.
We also examined the effect of wdb overexpressionaa P1 and 443 aa P2 proteins differ only in the extreme
amino terminus (Figure 2A). We performed RNase pro- on PER levels. Although, PER levels continued to cycle,
the amplitude of the oscillation was severely bluntedtection assays (RPA) using a probe that would distin-
guish the P1 and P2 transcripts and found that levels (2-fold as compared to 5-fold) and the levels were ele-
vated (Figures 3C and 3D). In addition, at circadian timeof the P1 transcript cycle with 5-fold amplitude over the
course of a day, but the levels of P2 do not (Figure 2B). (CT) 2, when PER is normally hyperphosphorylated,
there was an increase in the higher mobility forms thatIn wild-type flies, the cycling also persists in constant
darkness, demonstrating that it is a freerunning rhythm correspond to hypophosphorylated PER. The effect of
wdb overexpression on TIM oscillations was much less(data not shown). The cycling of P1 is eliminated in the
cyc0 mutant (cyc null), indicating that cyclic tws expres- severe. TIM levels did not oscillate significantly in con-
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Figure 2. Circadian Regulation of wdb and
tws Expression in the Adult Fly Head
(A) A simplified, schematic representation of
the tws gene, showing exons, introns, and
start codons of the P1 and P2 isoforms. The
first two exons are specific for P1 transcripts.
The location of the tws probe used for RNase
protection assays (RPAs) is indicated by the
dark line. The twsP insertion that was excised
to generate the tws60 mutant is also indicated.
(B) Autoradiographs showing the levels of
tws-P1, -P2, wdb, and tubulin transcripts in
total RNA isolated from adult fly heads col-
lected at different times of day. Adult fly
heads were collected at indicated zeitgeber
times (ZT) from wild-type (WT) and cyc0 flies
entrained to 12:12 hr light dark cycles; ZT-0
is lights on and ZT-12 is lights off. tws or
wdb expression was determined by RNase
protection analysis. In each experiment, a tu-
bulin probe was included to control for RNA
concentration. The tws probe protects a
larger band corresponding to the P1 tran-
script and shorter bands corresponding to
P2. The WDB probe protects a single band.
(C) Quantification of the levels of tws-P1 and
wdb mRNA at different times of day. The
bands were quantified using a phosphorim-
ager and expressed as ratios relative to tu-
bulin. Relative levels were then normalized to
the wild-type peak level, which was set as 1.
The levels in cyc0 flies were also normalized
relative to the control peak value (controls
were run along with cyc0 for absolute compar-
ison). The wild-type results are an average of
four independent experiments and error bars
depict standard error of the mean (SEM). The
cyc0 results represent an average of two inde-
pendent experiments. The tws-P1 mRNA lev-
els showed a significant circadian oscillation
(p 1	 105) in wild-type flies, and this oscil-
lation was abolished in cyc0 mutants (p 
0.28). Similarly, wdb mRNA levels showed a
significant oscillation (p  0.95 	 104) in
wild-type flies; this oscillation was blunted
(p  0.06) in cyc0 mutants.
stant darkness, consistent with previous observations To determine whether WDB overexpression has a di-
rect effect on the nuclear expression of PER, we usedthat TIM oscillations, as assayed in whole-head extracts,
dampen rapidly in constant conditions (Yang and Seh- the S2 cell system, which has been used extensively for
such studies (Ashmore et al., 2003; Ceriani et al., 1999;gal, 2001). Peak levels of TIM at CT-20 were lower in
the wdb-overexpressing flies (Figures 3C and 3D), most Saez and Young, 1996). We examined effects of both
TWS and WDB on PER localization. We found that WDBlikely due to enhanced feedback by the increased levels
of PER. was localized predominantly in the nucleus and, as pre-
viously reported (Mayer-Jaekel et al., 1994), TWS wasTo determine how the regulation of PER was affected
in the relevant clock neurons of wdb-overexpressing located in the cytoplasm (Figure S2B on Cell website).
We then examined PER distribution in the presence offlies, we examined PER expression in the brain. Both
PER and TIM proteins are expressed cyclically in the WDB and TWS. Cotransfection of per or per-tim with
tws had little effect on PER or TWS localization (Figureslarval ventro-lateral neurons (LNv), which are part of the
central clock that controls adult rest:activity rhythms S2A and S2B online). In contrast, cotransfection of wdb
and per changed the distribution of both proteins such(Kaneko et al., 1997). We examined the expression of
PER in these neurons at different times of day in freerun- that both WDB and PER now localized to both cyto-
plasmic and nuclear locations (Figure S2A on Cell web-ning conditions (constant darkness). All preparations
were co-stained for the neuropeptide, pigment dispers- site). In some cells, the localization of PER was exclu-
sively nuclear, which was strikingly different from theing factor (PDF), which is expressed specifically in the
LNvs (Renn et al., 1999). In wdb-overexpressing flies, PER alone control (Figure S2B). This nuclear location of
PER was increased in the presence of TIM (Figures S2APER protein continued to oscillate between the nucleus
and the cytoplasm but was observed in the nucleus at and S2B). Although the effect of WDB on nuclear expres-
sion of PER in flies could result indirectly from an effectan earlier time point (Figure 3E).
Figure 3. Overexpression of WDB in tim Neurons Lengthens Behavioral Period, Increases PER Levels, and Advances PER Nuclear Entry
(A) wdb mRNA levels are increased in EP3559 flies carrying the tim-Gal4 driver (TG). wdb mRNA levels were determined by RNase protection
analysis using a wdb-specific radioactive cRNA probe. A tubulin probe was included to control for RNA concentration. The autoradiogram
shows the wdb- and tubulin-specific protected fragments.
(B) Overexpression of WDB in clock neurons lengthens the period of rest:activity rhythms. Representative locomotor activity records (actograms)
of individual flies kept in constant darkness (DD) for 10 days after light:dark entrainment are shown. The subjective light:dark phases, genotype,
and the circadian period (
), as determined by chi-square periodogram analysis, are indicated. All the flies in the parental EP3559 line were
rhythmic, while 5% of the flies carrying EP3559 along with the TG driver were arrhythmic after 4 days in constant conditions.
(C) WDB overexpression increases PER levels in the adult fly head. Flies were collected on the first day in DD after three days of entrainment
to a light:dark cycle (under these conditions, CT0 or circadian time 0 refers to subjective “lights on” and CT12 is subjective “lights off”) .
Equivalent amounts of total protein from wild-type and WDB overexpressing (TG/cy0; EP3559) flies were blotted and sequentially probed with
anti-PER and anti-TIM antibodies. Equal loading was ensured by Ponceau S staining. The asterisk (*) denotes a breakdown product of PER
that is usually present in samples with high levels of PER.
(D) PER levels are increased in flies overexpressing WDB. Three sets of extracts were assayed on 6% acrylamide gels and levels of PER and
TIM were determined through densitometry using a Kodak image station. Levels were normalized relative to the wild-type peak levels (set as
1) and plotted. Although peak PER levels were relatively unchanged, levels were significantly higher at other points (p  0.02). However, such
an increase in TIM levels was not seen.
(E) WDB overexpression advances PER nuclear entry. LNvs were visualized in larval brains through whole-mount immunofluoresence. The
upper panel shows PDF staining (green), which specifically labels cell bodies and axons of the larval lateral neurons (lvLNs); the middle panel
shows PER staining (red) and the lower panel represents the merge of both signals (yellow indicates colocalization). Similar localization was
seen in 16 larval brain hemispheres examined for each time point.
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on overall stability, the cell culture data suggest that it
has a role in promoting PER expression in the nucleus.
A Loss-of-Function Mutation in tws Affects PER
Expression and the Timing of Its Nuclear Entry
A severe hypomorphic mutation of tws (tws60) was gener-
ated by mobilizing twsP, a pLacW insertion in the tws
gene (Uemura et al., 1993). These mutants do not pro-
duce any detectable TWS protein and have defects in
pattern formation and nervous system development
(Mayer-Jaekel and Hemmings, 1995; Mayer-Jaekel et
al., 1994; Uemura et al., 1993). Because tws60 homozy-
gotes die in the early pupal stages, we were unable to
assay them for activity rhythms (heterozygotes did not
display a phenotype, data not shown). Thus, we assayed
them for the molecular rhythm of PER cycling in the
third instar larval stage. We stained brains of tws60 homo-
zygous larvae as well as those of control heterozygous
siblings (which were distinguished by the tubby marker
on the balancer, TM6B) for PER and PDF expression as
described above. The lateral neurons and their projec-
tions were intact and there was no apparent defect in
the gross anatomy of the brain in these tws mutants.
However, the intensity of PER staining was low as com-
pared to the tws60 heterozygotes (Figures 4A and 4B) or
yellow white (y w) controls (data not shown). In addition,
the protein was mostly cytoplasmic in tws60 mutants at
CT18, although it was nuclear in wild-type at this time
point. To further examine molecular events around this
point, we analyzed PER expression at CT16:30, 18:30,
and 19:30. As previously documented for adult LNs
(Shafer et al., 2002), in wild-type larvae, PER expression
was cytoplasmic at CT16:30, but nuclear at CT18:30. In
the tws60 mutants, nuclear accumulation of PER was
delayed. Thus in the tws mutant larvae, PER was cyto-
plasmic and its expression was weaker than wild-type
at both CT16:30 and 18:30 (Figure 4C).
To determine whether TWS acts within the clock neu-
rons to affect PER stability and nuclear translocation,
we obtained an enhancer trap line in which the lacZ
gene is inserted within the tws locus. We stained third
instar larval brains for -Gal and PDF and found that
tws is expressed within the lateral neurons (Figure 4D).
In addition, consistent with the role for tws in CNS devel-
opment, we found -Gal expression in many neurons
scored on a scale of 1–10. Relative PER intensity scores at various
circadian times were plotted. PER staining was significantly lower
(p  0.00001, two-sample unpaired t test) than the control at CT18.
(C) Delayed PER nuclear entry in tws60 mutants. PER staining was
visualized essentially as described above in control (Tb) and tws60
Figure 4. Nuclear Accumulation of PER Is Affected in tws Mutants mutants. Confocal images of larval lateral neurons are shown. Nu-
clear expression of PER was seen at CT18:30 in controls and yellow,(A) Analysis of PER expression in tws60 larvae. Larvae were entrained
white (y w) flies (data not shown), while in the tws60 mutants PERto a light:dark cycle for 3 days then shifted to constant darkness
immunoreactivity was very weak (strongest levels in the 20 hemi-(DD). Third instar larval brains (n  8 to10 for each point) were
spheres of larval brain examined are shown) and predominantlydissected at the indicated circadian times (CT) on the first day in
cytoplasmic. Note that the timing of nuclear entry varies somewhatDD and processed for whole-mount staining. PER protein staining
in different genetic backgrounds (compare the control here with the(red) is shown in pacemaker cells that were co-stained with antibod-
one in Figure 3); we have compared with the appropriate control.ies to PDF. PER accumulated to high levels at CT-18 in control
(D) tws is expressed in pacemaker cells. Third instar larval brainssiblings (distinguished by the Tubby (Tb) marker on the TM6B bal-
were stained for PDF (green) and nuclear -GAL (red). In additionancer), while in the tws60 mutants PER immunoreactivity was minimal
to other cells in the central brain, -GAL expression was seen inat this time point.
ventro-lateral neurons of the tws enhancer trap line. No specific(B) Quantification of PER immunoreactivity in larval ventro-lateral
staining could be seen in y w controls (data not shown).neurons. PER immunoreactivity, relative to background, was blind
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in the dorsal and central region of the brain. Similar
widespread expression was also found for other clock
genes like vrille (Blau and Young, 1999). Thus, tws is
expressed and affects PER expression in clock cells.
Manipulations of tws and of the PP2A Catalytic
Subunit Affect Behavioral Rhythms
In order to overexpress tws, we crossed flies carrying a
UAS-tws transgene to tim-Gal4 and Pdf-Gal4 containing
flies. While flies expressing tws under control of the tim-
Gal4 driver were not viable, those expressing tws in Pdf-
positive cells were tested for activity rhythms. As shown
in Figure 5 and in Table 1, these flies displayed short
period rhythms that degenerated into arrhythmia after
4–7 days in constant darkness. A similar phenotype was
observed when tws was expressed under control of the
Gal1118 driver (data not shown), which also localizes
primarily to Pdf-positive neurons (Grima et al., 2002).
Thus, the regulation of tws levels is critical for the main-
tenance of behavioral rhythms.
To confirm that PP2A activity regulates behavioral
rhythms, we tested flies with increased or decreased
activity of the catalytic subunit (mts) of PP2A. Null muta-
tions of mts cause lethality in early embryonic stages
(Snaith et al., 1996). Truncations in the N-terminal region
of MTS generate a dominant-negative protein capable
of interfering with the activity of the wild-type protein
(Hannus et al., 2002). Similar, dominant-negative muta-
tions in the mammalian PP2A catalytic subunit were
determined to specifically affect PP2A activity (Kins et
al., 2001). We used transgenes expressing wild-type or
dominant-negative MTS (Hannus et al., 2002) to test
the effect of alterations of PP2A activity on behavioral
rhythms. We verified that the wild-type and dominant-
negative constructs, respectively, increase and de-
crease activity of PP2A in adult fly heads (Figure S3A
on Cell website). We also verified that the effect of the
dominant-negative MTS on other Ser/Thr phospha-
tases, including PP1, was minimal (Figure S3B). Figure 5. Modulation of PP2A Levels Affects Overt Behavioral
Rhythms in FliesExpression of the wild-type mts gene by the tim-Gal4
(A) Expression of tws in Pdf neurons shortens and weakens locomo-driver resulted in arrhythmia in all flies tested (Figure 5
tor rhythms. Representative locomotor activity records (actograms)and Table 1). Use of the Pdf-Gal4 driver resulted in weak,
of individual flies kept in constant darkness (DD) for 14 days aftershort period rhythms as seen above for tws. In contrast,
light:dark entrainment are shown. The subjective light:dark cycle,expression of the dominant-negative version of mts in
genotype, and the circadian period (
), as determined by chi-square
Pdf cells produced long period rhythms (Figure 5 and periodogram analysis, are indicated. Locomotor rhythms got weaker
Table 1). The rhythms also appeared to be unstable in (Table 1) and were lost after 4 to 7 days in constant conditions in
most flies tested.that some flies displayed long periods with interspersed
(B) Overexpression of the catalytic subunit of PP2A (mts) in timdays of prolonged activity and others showed multiple
neurons causes arrhythmia. Representative actograms of individualperiodicities. Flies overexpressing a dominant-negative
flies kept in constant darkness (DD) for 10 days are shown.form of mts under the control of tim-Gal4 were arrhyth-
(C) Expression of a dominant-negative version of mts in Pdf neurons
mic just like those overexpressing wild-type mts in tim lengthens period and reduces rhythm strength (Table 1). Note the
cells. Thus the circadian clock is very sensitive to the instability of the rhythm, demonstrated by the occurrence of pro-
longed activity on some days.dosage of PP2A. These data are consistent with a major
role for PP2A in the molecular clock.
PP2A Affects PER Phosphorylation and PER day (Figure 6A). This indicates that PP2A is required for
the cycling of PER and most likely also promotes itsCycling in Clock Neurons
To determine effects of PP2A on PER cycling, we exam- nuclear expression. In the presence of the dominant-
negative MTS, PER expression was practically unde-ined PER expression in the clock neurons at different
times of day. In control flies, PER cycled such that levels tectable at all times of day. Levels appeared to be lower
than the trough level, CT-14, of wild-type flies. This indi-were high and nuclear at CT-20 and CT-2 (Figure 6A).
Levels were decreased at CT8 and further reduced and cates that PP2A is required for PER stability.
To determine whether the effect of PP2A on PER sta-cytoplasmic at CT-14. In flies overexpressing wild-type
MTS, PER did not cycle and was nuclear at all times of bility was mediated by the control of its phosphorylation,
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Table 1. Alterations of TWS and MTS Levels Disrupt Locomotor Rhythms in Flies
Genotype AR % (n) Period  SEM FFT  SEM
UAS-tws/;Pdf-Gal4/ 33.3 (10/30) 23.15  0.099a 0.075  0.01c
Pdf-Gal4/UAS-mts 14 (2/14) 23.23  0.117a 0.068  0.011c
Pdf-Gal4/UAS-dnmts 0 (0/16)b 27.53  0.464a 0.039  0.008c
Pdf-Gal4 0 (0/13) 24.38  0.086 0.139  0.016
UAS-tws 8 (1/12) 23.54  0.048 0.149  0.0247
UAS-dnmts 12.5 (2/16) 23.6  0.080 0.067  0.008
timGal4/;UAS-mts/ 100 (14/14) — —
timGal4/;UAS-dnmts/ 100 (16/16) — —
timGal4/Cy0 0 (0/15) 24.06  0.069 0.172  0.018
Cy0/;UAS-mts/ 0 (0/20) 23.225  0.0585 0.127  0.012
Cy0/;UAS-dnmts/ 6.7 (1/15) 24.035  0.101 0.064  0.006
a The period of these flies is significantly different (p  0.0008) from that of control flies carrying the Pdf-Gal4 driver alone. Some expression
of the UAS construct in the absence of driver may account for the reduced difference in period when compared with the UAS alone controls.
b Fifty percent of these flies displayed multiple periodicities. The most significant period as determined by Chi-Square analysis is indicated.
c The Fast Fourier Transformation (FFT) values are significantly lower (p  0.001) than those of Pdf-Gal4 driver alone controls.
we assayed the phosphorylation status of PER in the as S2 cell-derived PP2A (Figure 6C). An inhibitor of PP1
had no effect and Western blots indicated that the phos-transgenic flies. We examined PER expression at CT-2,
a time of day when PER is maximally phosphorylated, phatase treatment did not affect PER levels (data not
shown). To determine whether PER dephosphorylationand at CT-14, when phosphorylation of PER is minimal.
In control flies, the electrophoretic mobility of PER was is effected specifically by PP2A, we assayed equivalent
concentrations of PP1 and lambda phosphatase in thisdifferent at the two times, consistent with the normal
phosphorylation profile (Edery et al., 1994) (Figure 6B). assay. Neither had any effect on PER (Figure 6D and
data not shown). A 50-fold excess of PP1 producedTreatment of the CT-2 lysate with 400 units of lambda
phosphatase reduced the size of the PER band, demon- slight dephosphorylation and, as noted above, 400 units
of lambda phosphatase dephosphorylated PER ex-strating that the altered mobility was due to phosphory-
lation. In flies overexpressing MTS, hypophosphorylated pressed in adult fly heads. Together these data suggest
that PP2A acts directly on PER to dephosphorylate it(high-mobility) forms of PER were still present at CT-2
and there was a decrease in hyperphosphorylated (low- and drive its cycling.
mobility) forms. In flies expressing the dominant-nega-
tive MTS, PER expression was reduced at CT-14 (data Discussion
not shown). On Western blots, oscillations of PER were
observed in flies expressing wild-type or dominant-neg- Posttranscriptional regulation of clock gene products is
critical for the function of circadian oscillators. Previousative MTS. This is likely due to the low expression of
the tim-UAS-Gal4 driver in photoreceptor cells (data not studies in Drosophila showed that mechanisms other
than RNA oscillations could sustain molecular cycling ofshown). Since PER-TIM expression in these cells consti-
tutes a large part of the signal seen on Westerns, the PER and TIM proteins. Phosphorylation is one possible
mechanism by which this could occur. Although theWestern blot results may not be representative of the
effects of PP2A on the clock. Alternatively, the effects kinases that phosphorylate PER and TIM do not appear
to cycle, in this study we have identified two genesmay be different in different PER-TIM-expressing tis-
sues. However, in the rest:activity relevant clock cells encoding phosphatase regulatory subunits, tws and
wdb, that are expressed in a cyclic fashion. Both WDB(lateral neurons), PER oscillations are abolished (Fig-
ure 6A). and TWS act on PER and affect its stability, although
TWS may be more important in vivo (further discussedTo determine if PP2A acts directly on PER, we used
an in vitro dephosphorylation assay. We purified PER below). Moreover, mutations affecting the levels of these
subunits or of the PP2A catalytic subunit affect molecu-from bacteria and phosphorylated it in vitro using the
active form of casein kinase 1. The casein kinase 1 lar/behavioral rhythms in flies in a predictable manner.
Based on our findings we propose that the PP2A com-we used in these experiments is 93% similar to the
corresponding region in Drosophila casein kinase 1 plex rhythmically dephosphorylates and stabilizes PER
at specific times in the circadian cycle and sustains PER(DBT); not surprisingly, it was very effective in phosphor-
ylating PER (Figure S4 online). The kinase activity was oscillations through mechanisms that do not depend
upon the cycling of per RNA.then blocked with inhibitors and purified PP2A was intro-
duced into the reaction. The addition of purified PP2A
resulted in a dose-dependent loss of the phosphoryla- PP2A Dephosphorylates PER and Is Required
for PER Cyclingtion signal on PER. Effects were seen at concentrations
as low as 0.01 and 0.02 units of PP2A (See Figures 6C Modulations of PP2A levels in clock neurons are strongly
correlated with defects in rest:activity rhythms. An in-and 6D), which are well within the physiological range
for this enzyme (Nowak et al., 2003). We observed similar crease in PP2A activity results in a tendency toward
short periods and arrhythmia. Conversely, as one mightdephosphorylation when PP2A immunoprecipitated
from S2 cells was added to the phosphorylated PER. predict, a decrease in PP2A levels results in the length-
ening of the circadian period (Table 1). More importantly,Inhibitors of PP2A blocked the effects of purified as well
Role of PP2A in the Circadian Clock
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Figure 6. Effect of PP2A on PER Expression
and Phosphorylation
(A) Changes in levels of PP2A in clock neu-
rons affect PER stability and nuclear localiza-
tion. Representative confocal images of PER
(red) and PDF (green) immunoreactivity in lat-
eral neurons of third instar larvae are shown.
10–18 hemispheres were examined for each
time point.
(B) Overexpression of the catalytic subunit
of PP2A (mts) in clock neurons affects PER
phosphorylation. Total protein from adult fly
heads, collected at the indicated circadian
time points, was analyzed on a 6% SDS-poly-
acryamide gel and probed with PER antibody.
(C) Representative autoradiograph showing
direct dephosphorylation of PER by PP2A.
Purified PER was in vitro phosphorylated with
CKI in the presence of 32p-ATP (see Supple-
mental Figure S4 online). Equal amounts of
phosphorylated PER [PER-(P)] were incu-
bated with varying amounts (0.01 to 0.1 units)
of purified PP2A AC dimer in the presence
of kinase inhibitor (5-IT). Okadaic acid (OA),
Calyculin A (Cal-A), and PP1 specific inhibitor
(PPI-2) were used to assay the specificity of
the effect.
(D) Autoradiograph showing that PP1 does
not dephosphorylate PER in the in vitro assay.
Varying amounts of purified PP1 (0.01 to 0.5
units) were used and compared with PP2A
for their ability to dephosphorylate PER.
this also produces profound molecular defects in the The different effects of WDB and TWS on PER to-
gether with the differential phases of their expressionclock. Overexpression of either the wild-type or the
dominant-negative mts transgene results in the loss of (Figure 2) suggest that different mechanisms mediate
effects of these two subunits on the clock. In fact, theyper cycling in LNvs (Figure 6). With the wild-type con-
struct, PER is expressed at high levels and is constantly also have opposite effects on the behavioral rhythm.
Opposing effects by different classes of PP2A regulatorynuclear. In contrast, in the presence of the dominant-
negative construct, PER levels are low at all times. These subunits on SV40 DNA replication have previously been
reported (Cegielska et al., 1994). In general, given thedata indicate that PP2A normally serves to promote PER
stability and most likely also its nuclear localization. The stronger phenotypes we see with tws (which mimic
those obtained with mts) and the more robust oscilla-effect on nuclear localization would be consistent with
some mammalian studies that indicate that casein ki- tions of its mRNA, we believe that tws is more relevant
for clock function than wdb. This is also consistent withnase 1 retains PER in the cytoplasm (Vielhaber et al.,
2000). The opposing effect of a phosphatase might drive the lack of a circadian phenotype (data not shown) in
hypomorphic wdb mutants (Hannus et al., 2002). A com-nuclear expression. We note that other kinases that
phosphorylate PER-TIM, such as CK2, Shaggy (Sgg/ plete loss of function cannot be generated as null muta-
tions of WDB are cell lethal (Hannus et al., 2002).GSK3), and dbt, also affect nuclear entry (Akten et al.,
2003; Lin et al., 2002; Martinek et al., 2001). The control of PER expression by PP2A is almost
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certainly effected through a change in PER phosphoryla-
tion. We show here that PER phosphorylation is reduced
in flies overexpressing wild-type MTS (Figure 6). It is
unlikely that this results from an effect of PP2A on the
kinases that phosphorylate PER because the only
known effect of PP2A on a casein kinase, in particular
on casein kinase 1, results in an increase, rather than
a decrease, in activity (Cegielska et al., 1998). In addition,
our in vitro assay indicates that PP2A acts directly on
PER. We predict that a balance between the mecha-
nisms that stabilize PER (dephosphorylation) and those
that destabilize it (phosphorylation) is critical for main-
taining the cycling of PER protein.
Regulatory Subunits of PP2A Are Expressed
in a Circadian Fashion Figure 7. A Model of the Drosophila Circadian Clock Showing Dual
Our results show that the PP2A regulatory subunits that Control of PER Cycling
stabilize PER are expressed in a circadian fashion. How- A schematic representation of the Drosophila feedback loop, incor-
ever, as noted above, the amplitude of the tws oscillation porating the proposed function of PP2A. PER is stabilized by the
PP2A regulatory subunits WDB and TWS. We propose that PERis considerably higher than that of wdb. tws was also
protein cycling is regulated at both RNA and protein levels by its ownidentified as a cyclically expressed gene in a genetic
rhythmic transcription and by rhythmic phosphatase expression,screen designed to identify such loci through random
respectively. Since wdb and tws are regulated by cycle (cyc) in theinsertions of luciferase (Stempfl et al., 2002). Followup adult fly head (Figure 2), both mechanisms that drive PER cycling
analysis failed to confirm its cyclic expression perhaps are shown to depend upon CLK-CYC. Also a CACGTG E box is
because the two transcripts, only one of which cycles, present in the first intron of tws (see Discussion), suggesting that
it could be a direct target of the CLK-CYC complex.were not distinguished (Stempfl et al., 2002). The tempo-
ral expression profile of tws-P1 and the low noncyclic
expression of it in cyco mutants indicate that tws is
a clock-controlled gene. In fact, we have identified a produced largely by the tim-Gal4 driver. Results with
CACGTG E box (target sequence of CLK/CYC) in the the Pdf driver, which is spatially more restricted and
first intron of the P1 transcript, suggesting that it may most likely also weaker, were variable and required two
be a direct target of the CLK-CYC complex (data not copies of the UAS transgene (Kaneko et al., 2000; Yang
shown). and Sehgal, 2001). Thus, in general, the phenotypes
associated with overexpression of tws and mts are
Dual Regulation of PER Oscillations stronger than those produced by per-tim overexpression.
The molecular mechanisms regulating the cycling of per
mRNA levels are fairly well understood. Transcriptional
regulation is mediated by CLK-CYC via an E box se- Components of Wnt Signaling Also Function
in the Circadian Clockquence in the per regulatory region (Glossop and Hardin,
2002). As stated in the introduction, posttranscriptional Our results extend the degree of conservation between
wingless/Wnt signaling and circadian rhythms. The keymechanisms can also sustain PER protein oscillations
in Drosophila. Based on our results, we predict that effector of wingless (wg) signaling is -catenin (arma-
dillo in Drosophila), a transcription factor that shuttlesunder conditions where per mRNA does not cycle, PER
protein cycling is maintained by the rhythmic expression between the nucleus and cytoplasm. Like PER-TIM, Ar-
madillo (ARM) is either phosphorylated and degraded inof wdb and tws. Since the cycling of wdb and tws is
also CYC dependent (Figure 2), it would follow that PER the cytoplasm or translocated to the nucleus to regulate
gene expression (Moon et al., 2002). The kinases (DBT,cycling is controlled at both RNA and protein levels by
CLK and CYC (Figure 7). The cycling of phosphatase CK2, and GSK-3) that phosphorylate ARM (Huelsken
and Behrens, 2002), the E3 ligase (Slimb) that targetssubunits not only maintains the cycling of PER at a
posttranslational level, but could also potentially drive ARM for degradation (Jiang and Struhl, 1998), and even
the phosphatase (PP2A) that regulates ARM (Ratcliffethe cycling of circadian output proteins, which would
provide a mechanism for the direct control of protein et al., 2000) function in the circadian clock. Furthermore,
TWS, which regulates PER, interacts genetically withlevels and/or activity by the clock.
If the cycling of PP2A is essential for clock protein ARM (Greaves et al., 1999). In vertebrates, B56 associ-
ates with the adenomatous polyposis coli (APC) proteincycling, and thereby for behavioral rhythms, loss of this
should lead to arrhythmia, as does loss of PER-TIM and modulates Wnt signaling (Seeling et al., 1999).
GSK-3, DBT, and SLIMB are also involved in the hedge-cycling (Yang and Sehgal, 2001). In fact, overexpression
of tws by the Pdf-Gal4 driver results in an inability to hog signaling pathway during development (Kalderon,
2002). Conservation of these components in multiplesustain freerunning rhythms. In addition, overexpression
of mts by the tim-Gal4 driver yields arrhythmia, while signaling systems leads to a concept of “molecular mod-
ules” that regulate a number of biological processes atexpression of a dominant-negative form of mts by Pdf-
Gal4 produces long periods. It should be noted that the various stages in the development of an organism. Since
most aspects of molecular clock function are conservedarrhythmia associated with per-tim overexpression was
Role of PP2A in the Circadian Clock
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for 15 min at 30C; the reaction was stopped by adding SDS gelfrom Drosophila to mammals, it is likely that the role of
loading dye. The samples were Western blotted as described above.phosphatases, such as PP2A, will also be conserved.
About 1 mg total protein from fly head extracts or S2 cell lysates
was incubated overnight with primary antibody and 30 l of Gamma
Experimental Procedures beads (Pharmacia) in IP buffer (10 mM HEPES [pH 7.5], 150 mM
NaCl, 1 mM EDTA, 1 mM DTT, 0.1% Triton X-100, 0.01% SDS and
Expression Constructs and Transient protease inhibitor). Beads were washed 3–4 times in IP buffer and
Transfection in S2 Cells the beads processed for in vitro dephosphorylation.
Coding regions (CDS) of wdb, twins P1 and P2 were amplified by
the polymerase chain reaction (PCR) using Pfu polymerase and
Immunohistochemistry
cloned into a pAc5.1 V5 HisA vector (Invitrogen). Insect cell expres-
Larval and adult brains were collected at the indicated circadian
sion constructs for dPER and dTIM in pAct were previously de-
times (CT) on the first day of constant darkness and processed as
scribed (Darlington et al., 1998).
previously described (Myers et al., 2003) Samples were incubated
S2 cells (Invitrogen) were grown in Schneider’s medium containing
with various primary antibody at indicated dilutions, (UPR 34 rat
10% FBS and maintained at 25C. The cells were transfected with
anti-PER 1: 1000 [Myers et al., 2003]; mouse anti-GAL, 1: 300
expression constructs as previously described (Ashmore et al.,
[Promega]; HH74 rabbit anti-PDF 1:1000 [Myers et al., 2003]), Brains
2003). Thirty-six hours posttransfection, cells were incubated in me-
were imaged using a Leica fluorescence or confocal microscope
dium containing phosphatase inhibitor (30 nM Calyculin-A, Calbio-
and the images were processed using Open-lab and Adobe Pho-
chem) alone or along with the proteasome inhibitor MG132 (100
toshop software.
M, Sigma). All cells were harvested and processed for Western
blot analysis.
Fly Lines and Locomotor Activity Measurements
Flies were entrained to a 12:12 light:dark cycle at 25C. Locomotor
RNA-Mediated Interference activity of individual flies was monitored under constant conditions
Double-stranded RNA (dsRNA) against various PP2A subunits was (DD) for 10 to 15 days as previously described (Williams et al.,
generated as described (Li et al., 2002). DNA fragments, 600 to 850 2001). Activity records were analyzed using Clocklab (Actimetrics)
nt in length, containing various coding regions (numbering is from software. Circadian periods were derived using 2-periodogram
the ATG) of mts (1–690), dbt (481–1232), B56-1 (CG 7913-PA; 795– analysis.
1482), wdb (LD34343; 399–1145), twins (CG6235-PA, 1227-1998), tws02414, which has a lacZ insertion in tws (Perrimon et al., 1996),
dPR72 (CG4733; 4681–5597), and EGFP (1–642) were amplified with was obtained from the Bloomington stock center. Various EP-misex-
primers containing T7 promoter sequences on both 5 and 3 ends, pression lines were obtained from Exelixis Inc. Other fly lines were
or the fragments were cloned into a TOPO vector (Invitrogen) and kindly provided by several researchers (see Acknowledgments).
dsRNA was generated as described previously (Li et al., 2002). One
microgram dsRNA was cotransfected into S2 cells, along with the In Vitro Dephosphorylation Assay using PP1 and PP2A
indicated expression constructs, by calcium phosphate-mediated PER (about 1 g) was phosphorylated using -P32 ATP in a 50 l
transfection as described (Hammond et al., 2000). Cells were har- reaction, as described (Figure S4 on Cell website). The reaction was
vested 60 hr posttransfection, lysed, and processed for Western stopped by adding 50 M 5-IT. Three microliters of the phosphory-
blot analysis. lated PER was incubated in a phosphatase buffer (50 mM Imidazole
[pH 7.2], 1 mM EDTA, 1 mA EGTA, 0.02% -mercaptoethanol, 0.1
RNase Protection Assays mg/ml BSA, protease inhibitors, and 50M 5-IT) with indicated units
Flies entrained to a light:dark cycles were collected on dry ice at of purified PP2A AC dimer (Upstate Biotech) or purified PP1 from
the indicated time points. Total RNA was extracted from wild-type rabbit (Upstate Biotech), or with the Drosophila PP2A immunopre-
(yw) or mutant heads as described (Williams et al., 2001). DNA frag- cipitated from S2 cells using hPP2AC antibodies, for 20 min at
ments containing N-terminal coding regions of tws-P1 (76 to 422 nt 30C. In some reactions, as indicated, the phosphatase inhibitors
[numbering is from the ATG]) and wdb (3 to 390 nt) were amplified 50 nM Okadaic acid or 100 nM Calyculin A or 0.5g protein phospha-
by the PCR from full-length cDNA and cloned. 32P-labeled antisense tase inhibitor-2 (PPI-2, Biomol) were also included in the reaction.
riboprobes against tws, wdb, and tubulin were synthesized and used The reactions were terminated by adding SDS gel loading dye and
for RPA analysis as described (Williams et al., 2001). Relative RNA run on 6% SDS-polyacrylamide gels. The P32 signal was detected
abundance was normalized to the time point that had the highest by autoradiography. The amount of PER in each reaction was also
value for each experiment (n  3 or 4). estimated by Western blot analysis.
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